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A study on a Collaborative Learning Automata Team Model
Cen Wang
Abstract : The Learning Automaton(LA) is a Stochastic Automaton(SA) operates on a Ran-
dom Environment(RE). Research on The Learning Automata is drawing attention from the ad-
vantages such as clarity of the theory, ease of implementation, model-freeness, and convergence.
In theory, modeling method of multi-agent system as autonomous distributed system, develop-
ment to learning cellular automaton. On the application side, research is being conducted from
various aspects such as control problem of communication network, group intelligent robot
control problem, and load balancing problem of very large scale calculation system.
The Learning Automaton TeamModel consists of multiple Stochastic Automata, one or more
Random Environments, and is proposed as a modeling method of multi agent system. The
Learning Automaton Team Model proposed to date is reduced to a team type non-cooperative
game and Nash equilibrium point on mixed strategy space. In other words, it has been proven
that an optimal mixing strategy exists. In application to a simple combination optimization
problem of The Learning Automaton Team Model and distributed control problem of network,
since the control mechanism of each stochastic automaton in the Learning Automaton team
model can operate in a completely parallel distributed manner, the goal of the entire system is
easily achieved.
On the other hand, when considering from the standpoint of multi agent system, it is required
to exchange information between agents, acquire cooperative actions, and autonomously form
communities, In order to apply The Learning Automaton Team Model to a field of generality.
it is necessary to introduce cooperative learning function in the collaborative model.
In this research, we propose a Learning Automaton Team Model with collaborative learning
function that can model not only parallel distributed operation but also cooperative behavior of
multi agent system. First, we give detailed definition of The Collaborative Learning Automaton
Team Model and discuss convergence of learning. Furthermore, as an example of cooperative
operation of the multi-agent system, the shortest path search problem and High Speed TCP
congestion control problem is taken up and the proposed model is applied. In the shortest
path search problem, cooperative relationships between probabilistic automatons placed on each
node were locally established, and global targets could be realized. In the High Speed TCP
congestion control problem, the improvement of the bandwidth utilization ratio at the time
of increase of the communication line capacity can be improved, and the eectiveness of the
proposed model can be confirmed.
iii
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????????????????????????????????????????
?????????????????????? [20–23]? HighSpeed TCP?????
? [24, 25]??????????????????????
1.2 ????
??????????????????? 2????????????????????
TCP????????????????????? 3????????????????
????????????????????????????????????????
????????? 4????????????? HighSpeed TCP?????????
?????????????????????????????????????? 5?
?????????????
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?2?
????
2.1 ????????
2.1.1 ?????? [26–30]
??????????????????????????????????????
 ????
????????????????????? X(t)????? xt????????
??? (x1; x2; : : : ; xt)??? (t  2)??????????????????????
?????????
P(X(t) = xt j X(1) = x1; : : : ; X(t   1) = xt 1) = P(X(t) = xt) (2.1)
 ??????
????? X(t)????? xt??????????? (x1; x2; : : : ; xt)??? (t  2)?
????????????????????????????????
P(X(t) = xt j X(1) = x1; : : : ; X(t   1) = xt 1) = P(X(t) = xt j X(t   1) = xt 1) (2.2)
????t1 < t2 < : : : < tn 1 < tn???????????????????????
?????????????????
 ????
?????X(tn)????? xn??????????? (x1; x2; : : : ; xn)??? (t1; t2; : : : ; tn)
???????????????????????????????
P(X(t1) = x1; : : : ; X(tn) = xn) = P(X(t1 + ) = x1; : : : ; X(tn + ) = xn) (2.3)
??????????????
 ????
?????X(tn)????? xn??????????? (x1; x2; : : : ; xn)??? (t1; t2; : : : ; tn)
???????????????????????????????
P(X(t1) = x1; : : : ; X(tn) = xn) = P(X(   t1) = x1; : : : ; X(   tn) = xn) (2.4)
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???????????????????????????????????Markov pro-
cess????????????
???????????? x???????????? X(t)????????? S ??
??????statespace??????????????discrete or countable set?????
??continuous set???????????????????? t???????????
? X(0); X(1); : : : ; X(t)?????????????????????? X(t)???????
??? 1???????? xt 1?????????????????
? P(X(t) = xt j X(1) = x1; : : : ; X(t   1) = xt 1) = P(X(t) = xt j X(t   1) = xt 1)? (2.5)
?????????? fX(t)g???????????????????????????
???????????????????????????
?????????????????????? X(t)????????Markov chain??
??????????????????????
? P(X(1) = x1; : : : ; X(t) = Xt) = P(X(t) = xt j X(t   1) = xt 1)
?  P(X(t   1) = xt 1 j X(t   2) = xt 2)
? :::
?  P(X(2) = x2 j X(1) = x1)
?  P(X(1) = x1)? (2.6)
???????????state-transition probabilities??
? P(X(t) = xt j X(t   1) = xt 1) , P(xt j xt 1)?? t = 2; 3; : : :? (2.7)
??????????
? P(X(1) = x1) , P(x1)? (2.8)
?????????????????????????? t?????????????
????time-homogeneous????????stationary???????????
?????????? x1; x2; : : : ; xn ???????????????????????
Pi j??? n  n?????????????????????state-transition probabilities
matrix?P = [Pi j]???????? xi???? x j? r???????????????
????
? P(X(t) = x j j X(t   r) = xi) , P(r)i j = (Pr)i j? (2.9)
????P(r)??????? P? r??? P(r) = P(r) = P  : : :  P?????????
?????????Chapman Kolmogorov???????????????
? Pr+s = P(r)P(s)? (2.10)
?? t????????X(t)???? xk???????P(X(t) = xk) , Pk(t)?k = 1; 2; : : : ; n
?????????????
?(t) = [P1(t); P2(t); : : : ; pn(t)]T? (2.11)
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????(t)???????????????????????????????????
????????????
?(t + 1) = (t)P? (2.12)
?????
? = P? (2.13)
???????? ??????stationary distribution?????
?????????? r?????????? xi???? x j?????reachable??
???????xi ! x j???????
? P(r)i j = P(X(t) = x j j X(t   1) = xi) > 0? (2.14)
????P(0) , I?????????????xi ! x j?? x j ! xi??????????
xi??? x j??????strongly connected?????????????????????
?????? xi????cyclic?????
? P(r)i j = P(X(t) = xt j X(t   r) = xi) > 0 (2.15)
???????????????????????????????????????
????????????????????????????????????????
????????????????????constant ergodic Narkov chain???????
??????? ?????????????? ?????????????????
?????irreducible???????aperiodic??????recurrent??????????
?????????????? S ????????xi?x j??????? xi???????
?????? x j?????? 0?????????????????????????
????????????????????????????????????? xi ?
??????????? xi????????????????????????? 1??
???????????????????????????????regular Malkov chain?
????????????????????????????????????????
????????????????????????????????????????
?????????????????
?????????????????????????????
????????????????????????Markov decision process?????
????????????????reward?????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????
2.1.2 ???????? [1–8, 31]
??????????????????????????????????????
????????????????????????????????????????
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????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????
??
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????
fY;C;Rg (2.16)
????
Y?RE?????????????? Y = fy1; y2; : : : ; ysg
C?RE??????????????C = (c1; c2; : : : ; cs)T
R?RE?????????????? R = fr1; r2; : : : ; rug
????
???????? y(t)??? Y?????? t(t = 0; 1; 2; : : :)????????????
?? r(t)???R???????? 2??r1? r2???? 1??????????????
????????? r1? r2????? 0? 1?????? r(t) = 0????success????
???favorable???????reward??????????r(t) = 1???????failure??
???????unfavorable????????penalty?????????????????
C???? ci???????????? yi?????????????????????
?? ci????????????????
Pr(r(t) = 1 j y(t) = yi) = ci;??? i = 1; 2; : : : ; s (2.17)
????ci???????? yi??????????????????????????
????????????????????????????????????????
????
??????
?????????Automata Theory??????????????????????
?????????????????????????????????????R?
?????Y?????????????F? r ! ???????????????
??????????G?  r ! Y ???????????????????????
????????? 5?????? f;Y;R; F;Gg?????????
??????????????????????????????????????
?????????????????mealy sequential machine????????????
6
????????????????????????????????????????
??????-???????????????????????????????moore
sequential machine???????????????????????????G???
???! Y???????????
????????;R;Y????????????????????????????
????????????????-????????????????stochastic sequential
machine??????????????????????????????
f; Y;R; F;Gg (2.18)
?1??????? t??????????????(t)????? = f1; 2; : : : ; mg?
??????
?2??? t?????????????????????y(t)?????Y = fy1; y2; : : : ; ysg
???????
?3??? t?????????????? r(t)??? R??????????????
????????????????????? R = fr1; r2; : : : ; rug??r 2 (a; b)????
????????a; b???????
?4????? F??????????? t??? (t)??????? (t+1)??? (t+1)
??????
(t + 1) = F[; r(t)]
F?  r ! ??????
?5?????G??????????? t??? (t)???? t??????????
??????
y(t) = G[(t)]
G?! Y??????
???????????????????????????????? t???????
?????????????????? 0; 1; 2; : : :?????????????????
??????? (0)??????????G???????? y(0)?????????
???? r(0)????? F???????? (1)?????????????????
????????????????????????????????????????
?????? t?????????? 1????? t  1???????????????
?????????????????????????
??????? F?????G????????????????????????
????????Deterministic Automaton?????????????????????
??????????????????????????? 1?????????
??????? F???????G??????????????????????
????????????????????????????????????????
????????????????????????????????????????
???
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???????? 2???? F?G???????? 1?????????????
??????????????? F????????????????????????
??????????????? F????????????????????????
???? F????????? F(r1); F(r2); : : : ; F(ru)?????????????? F(r)
????? r????m  m?????????????????????????
i = 1; 2; : : : ;m
f ri j = Pr
n
(t + 1) =  j j (t) = i; r(t) = r
o
j = 1; 2; : : : ;m (2.19)
r = r1; r2; : : : ; ru
f ri j?????????? r?????? i????  j???????????
???????????G?m s???????????????????????
?????????????
gi j = Pr
n
y(t) = y j j (t) = i
o
i = 1; 2; : : : ;m (2.20)
j = 1; 2; : : : ; s
gi j??? i?????? y j???????????
f ri j? gi j?????????????????? [0; 1]??????????????
???????? i????????????m????? 1???????????
?????????????????????????
mX
j=1
f ri j = 1?? f or? each? r 2 R? i (2.21)
????
sX
j=1
gi j = 1?? f or? each? i (2.22)
??? 2?????????????????? 1?????? F?G???????
?????????
???????? ???????????????????????????????
????????????????? 2.1?????????????????? 2??
???????????????????????? 1???????????????
????????????????????? r(t)?????????????????
???????? y(t)?????????????? (0)??????????????
???????? y(0)????????????????????? r(0)??????
????????? (1)????????????????????????????
????????????????????????????????????????
?? p(t)??????? F(r)??????????????????????????
????????????????????????????????????????
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r(t) ∊ R 
y(t) ∊ Y
確率オートマトン SA
(Stochastic Automaton)
未知環境 RE
(Random Environment)
SA=｛R,Y, Φ, p, o, T｝
RE=｛Y,R, C｝
? 2.1: ????????????? [12]
????????????????????????????????????????
???????????
LA = fS A;REg (2.23)
????S A??????????RE?????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???
??? ?????????????????? T ?????????? [26]?
p(t + 1) = T [p(t); y(t); r(t)] (2.24)
??????? T ???????????????? p(t + 1)??????? p(t)???
??? y(t)??? r(t)?????????p(t+ 1)? p(t)???????????????
????????????????????????????????????????
????????????????????????????????????????
??????????? t??????? y(t) = yi?????????????????
????? r(t)??????????? yi??????? pi(t)???????????
????? pi(t)??????????????????? t????? y(t) = yi????
??????????
9
r(t) = 0???????????
pi(t + 1) = pi(t) +
sX
j=1; j,i
 j(p(t)) (2.25)
p j(t + 1) = p j(t)    j(p(t)) (2.26)
j , i; j = 1; 2; : : : ; s
(2.27)
r(t) = 1????????????
pi(t + 1) = pi(t)  
sX
j=1; j,i
 j(p(t)) (2.28)
pi(t + 1) = pi(t) +  j(p(t)) (2.29)
j , i; j = 1; 2; : : : ; s (2.30)
????()? ()????????Psi=1 pi = 1????
???????????????????????????????????????
? 2????????????
1(p(t))
p1(t)
=
2(p(t))
p2(t)
= : : : =
s(p(t))
ps(t)
= (p(t)) (2.31)
1(p(t))
p1(t)
=
2(p(t))
p2(t)
= : : : =
s(p(t))
ps(t)
= (p(t)) (2.32)
????()? ()??????????????????
0 < (p(t)) < 1;? 1 < (p(t)) < min
i
(
pi
1   pi );? i = 1; 2; : : : ; s (2.33)
????????????????????????????????????????
?????????????????  ?????????????? ()? ()??
?????????????
2.2 ????? [20, 21]
??????????????????? 2???????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????
 ????????????
??????????????????????????????????
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 2???????????
?????????????????????????????????????
?????????????????
 ???????????
???????????????? ????????????????????
???
2.3 ????
2.3.1 TCP????? [32]
TCP?Transmission Control Protocol???IP?Internet Protocol???????????
????????????????????????????????????????
??????TCP???????????????????????????? [32,33]?
2??????????????????????????? ????????TCP?
2???????????????????????????????????????
??????????????????TCP????????????????????
???????????????????????????????????UDP?User
Datagram Protocol????????????????????????????????
?????????????????TCP?????????????????????
???????????????????????????????????????
?????????????????TCP????????????????????
???????????????????????????????
????????? ??????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
?????? ????????????ACK(acknowledgement?????)?????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
????? TCP???????????????????????????????
????????????????????????????????????????
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????????????????????????????????????????
????????
TCP??????
????TCP????????????????????????????????
??? 2.2??????????
CLOSED LISTEN
SYN
RCVD
SYN
SENT
ESTAB
CLOSE
WAIT
LAST-ACK
CLOSING
FIN
WAIT-1
FIN
WAIT-2
TIME
WAIT
active OPEN
/create TCB+
snd SYN
CLOSE
/delete TCB
CLOSE
/delete TCB
passive OPEN
SEND
/snd SYN
CLOSE
/timeout
rcv SYN
/Create TCB+ snd SYN+ ACK
passive OPEN
/Create TCB
rcv SYN
/snd SYN+ ACK
rcv SYN +ACK
/snd ACK
rcv ACK/-
rcv FIN
/snd ACK
CLOSE
/snd FIN
CLOSE
/snd FIN
CLOSE
/snd FIN
rcv FIN
/snd ACK
rcv ACK/-
rcv FIN +ACK
/snd ACK
rcv ACK/-
rcv FIN
/snd ACK
rcv ACK/-
timeout after 2MSL
? 2.2: TCP?????? [33]
CLOSED ? 2.2??????? CLOSED??netstat???????????????
?????? TCB?Transmission Control Block?TCP???????????????
????????????????
LISTEN ???????????????????????????????????
????? SYN?????SYN RCVD???????
SYN RCVD ??????????? SYN????ACK? SYN??????????
?ACK????????????ACK???????ESTAB???????
SYN SENT ????????????SYN????????????????????
????SYN?ACK???????ACK??????ESTAB???????
ESTAB TCP??????????????????????????????FIN?
????????????????????????????????????????
?????
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FIN WAIT-1 ????????????????????FIN???????????
??????????????????????
FIN WAIT-2 ???? FIN????ACK????????????????????
???????????? FIN???????????????
CLOSING ??????????? FIN???????ACK????????????
????? FIN?????????????????????????????????
??????????????? FIN?ACK?????TIME WAIT???????
TIMEWAIT ?CLOSING??ACK???????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????CLOSED???????????
CLOSEWAIT ????????????????????FIN??????LAST-ACK?
??????
LAST-ACK ?CLOSE WAIT?????? FIN???? ACK?????????ACK
?????CLOSED???????
TCP?????????
TCP?????????????????????????3WHS?three-way handshak-
ing???????????????????????3WHS??? 2.3????????
1????????????????????????????????????????
???? 2.2?? 2.3?????????????????????????
(1)???????????????????SYN?????????????????
TCP????????????????????????? SYN??????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
(2)??????ACK?????? SYN????????????? ???????
?? SYN???????????????????????????????????
????????????????????????????????????????
?????????????????????????? SYN? ACK???????
????????????????????????????????????????
??????????????????????+1??????
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クライアント
サーバ
コネクション
の確立要求
(1)SYN
(2)ACK+SYN
(3)ACK
(LISTEN)
(SYN RCVD)
(ESTAB)
(SYN SENT)
(ESTAB)
? 2.3: TCP???????????? [33]
(3)?????????ACK????? ??????ACK+SYN?????????
??????????????????????????ACK???????????
?????
?????????????? (1)? (2)????? (2)? (3)?????????????
??????????????????????????????????3?????
???????????????????????????????
TCP?????????
TCP???????????????????????????????? 2.2???
?????????ESTAB?? CLOSE???? FIN???????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????
???????????????? 2.4???????????3WHS????????
?????????????????????????????????? 4?????
?????????????????????
????????????????????????????????????????
???? 4??????????? 2.4??????????????????????
???????????????????????
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クライアント
サーバ
コネクション
の解放要求
アプリケーションに
終了通知
(ESTAB)
(ESTAB)
(CLOSE WAIT)
(LAST ACK)
(CLOSED)
(FIN WAIT-1)
(FIN WAIT-2)
(TIME WAIT)
(1)FIN
(2)ACK
(3)FIN
(4)ACK
? 2.4: TCP????????? [33]
(1)??????????????????? ??????????????????
??????????????????TCP???????????????????
????TCP??????????????????????????TCP?????
???????????????FIN????????????????
(2)????????????????????????????? ??????FIN
????????????????????????????????????????
?????????????????????????TCP?????????????
?????????????????????
(3)?????????????????? FIN??? ??????????????
?????TCP??????????????????????TCP????????
FIN????????????????
(4)????????ACK??? ??????? FIN??????????????
?????ACK????
??????????????????????????????????????
????????????????????????????????????????
????????????????????? 2.5?????????????????
????? FIN????ACK??????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????SSH?
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? scp??????????????????????? TCP???????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??? 2.2?? 2.4????????????????ESTAB????????????
CLOSE?????????FIN??????????????????????? FIN
WAIT-1????????????????????ACK??????????????
?????? FIN WAIT-2??????????????? FIN???????????
???????????????????????????TCP???????????
??? FIN???????????????????????????????????
????????????????????????????????????????
???????????????????
クライアント
サーバ
コネクション
の解放要求
この時点でまだ送るべき
データが残
っている
FIN
ACK
データ
ACK
FIN
ACK
もはや送るべきデータはな
い
? 2.5: ??????? [33]
16
???????????
2MSL?2 Maximum segment lifetime???????????????????????
????????????????????????????????????????
?????????????????????????????MSL????????
????????????????? RFC????????????????????
?????????????????????????????RFC1122 [34]????
?????????????????????????????
TCP?????????????????????????? RST????????
????????????????????????????????????????
??????????????????????????????????????
2.3.2 ????????? [33]
TCP????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????? 2.6??????????Knee point???????
knee cliff
Congestion control
Congestion avoidance Congest collap
? 2.6: ????????? [33]
?????????????????????????????????????? cli
point?????????????? 0??????????????????????
????????????????? cli point???????????????
17
??????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????????? 0
??????????????????????????????????? SWS?Silly
Window Syndrome???????????????
? 2.7????????????????????????????????TCP???
pkt drop
ssthresh
w-bw
cwnd
time
輻輳回避プロセス
リカバリープロセス
スロースタート
プロセス
? 2.7: TCP??????????
????????????????????????
??????????? ???????????????????????????
????????????????????????????????????????
????????????????????TCP?????????????????
? 1???????????????? 2.8????????????????????
????????????????????????????TCP?????????
????????????????????????????????????????
???????????????????????????????? 2.7??????
????????????????????????????????????????
????????????????????????????????????????
?????
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送信側
受信側
輻輳ウィンドウサイズ
1
2
3
4
5
6
7
8
ACK
ACK
ACK
ACKが１つ到着したので、
輻輳ウィンドウサイズは
１つ増える
次のACKが到着したので
輻輳ウィンドウサイズは
１つ増える
同じく輻輳ウィンドウサイ
ズは１つ増える
? 2.8: ???????????????????? [33]
19
?????????? ?????????????????????????????
????????????????????? 1??????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? 1????
????????????????????????????????????????
????????????????????????????????????
????????? ?????????????????????????????
???????????????????????????????????????
????????? TCP??????????????TCP Tahoe?????????
??? cwnd? 1????TCP Reno/New Reno???????????????????
????????????????????????????????????cwnd =
cwnd/2??????? TCP????????????????????????????
??????????????
?? TCP?????????????????????????? Fast Retransmit?
?????? Fast Recovery??????????
Fast Retransmit?????? ?????????????????????????
??????????Repeat ACK? 3??????????????????????
????????????????????????????????????????
???
Fast Recovery?????? ??????????? Repeat ACK?????????
?????????????????????????????????????ACK
???????????????????????? 1/2??????????????
????????????????????????????????????????
?????????????????? 50%?????
???????????????? 4??AIMD?Additive Increase Multiplicative De-
crease?[33]?AIAD?Additive Increase Additive Decrease?[33]?MIAD?Multiplicative In-
crease Additive Decrease?[33]?MIMD?Multiplicative Increase Multiplicative Decrease?
[33]???????? TCP??????AIMD??????????AIMD?????
???????????????????????????????????????
2.3.3 AIMD [33]
AIMD??
TCP????????????????????
ACK : w  w + a
w
? :??? (2.34)
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Drop : w  w   bw? :??? (2.35)
S low   start : w  w + c (2.36)
???????? a?b?c?????????a = 1?b = 0:5?Reno?????c=1???
??????????AIMD?????????????????????????+1
????????????????????????????????????????
?????????????????????
W
(1-b)W
w
t
(1-b)W+a
(1-b)W+2a
・・・
・・・
CE1
? 2.9: ??????
?????? ?CE???????????W??RTT?Round Trip Time?????
???????1  bW?1  bW + a?1  bW + 2a : : :????????????????RTT
?? R?????????????
(1   b)W + xa = W (2.37)
R = x + 1 = bW=a + 1 (2.38)
?????CE?? R?? RTT??????
????????? ????????????????AIMD?a?b?c??????
????
????? S ??
? S = 2   b
2
W? (ppr) (2.39)
??? T ??
? T = 2   b
2R
W? (pps)? (2.40)
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? CE????????????
?
 
b
a
W + 1
!
 S =
 
b
a
W + 1
!
 2   b
2
W? (2.41)
?
?  b(2   b)
2a
W2?? (2.42)
?
??????? ??2.41????2.42?????????? p???
? P = 2a
b(2   b)W2 + a(2   b)W? (2.43)
or?
? p  2a
b(2   b)W2?? (2.44)
??2.44?????????
?W 
s
2a
b(2   b)p ?? (2.45)
??????
AIMD????
AIMD????????????? T ?AIMD???????????a?b?R?p??
?????????
? a?????????b?????????R????????????????p??
??????????S ?????????????????
??2.40????2.45????AIMD????????????????????
T = AIMD(a?b?R?p) =
p
a(2   b)
R
p
2bp
(2.46)
S = AIMD(a?b?p) =
p
a(2   b)p
2bp
=
q
a(2 b)
2bp
p
? (2.47)
TCP Reno??????????????? 2.10?2.11????
TCP Reno???????a = 1?b = 0:5??????T ? S ????????????
??????
T = AIMD(1?0:5?R?p) =
p
1:5
R
p
p
(2.48)
S = AIMD(1?0:5?p) =
p
1:5p
p
(2.49)
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?? ?
?
? 2.10: TCP??????
??
?
? ?
?
? 2.11: TCP????????
??
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??????????????????? ???????????????????
????? T (t)????????????
T (t) = 2
t
R? (ppr:) (2.50)
?? T ???????? t(T )?????
t(T ) = R  log2(T )? (s) (2.51)
??????? 10[Gbps]???????? 1500[byte]???????????????
??
1010
1500  8  83333? [packets] (2.52)
?????????????? 83333[pakets]???????????????????
t(T )?
t(T ) = R log2(83333)  16:3455R  17[RTT ] (2.53)
????
2.3.4 TCP Reno??????? [33]
??? TCP?????????????????? TCP Reno????TCP Reno?
ACK?????????????????????????????????????
??????
TCP Reno?????????????? ACK?????????????????
????????????????????????????????????????
??????????????????????????ACK???????????
????????????????????????????????????????
????????ACK????????????ACK???????????TCP Reno
?????????ACK????????????????????????????
?????
cwnd  cwnd + 1?? (cwnd < ssth) (2.54)
cwnd  cwnd + 1
cwnd
?? (otherwise) (2.55)
????ssth?TCP Reno?????????????????????????????
?????????????????????????TCP Reno???????????
????????????????????????????????????????
?????????????
???TCP Reno???????????????????????TCP Reno???
ACK?Duplicate ACK??????????? 2?????????????????
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???????????TCP Reno???ACK?????????????????Fast
Retrasmission???????????????????????????
ssth  cwnd
2
(2.56)
cwnd  ssth (2.57)
????????????????????????????????????????
????????????????????ACK??????????????????
??????????
TCP Reno??????????????????????????????????
???????????????
ssth  cwnd
2
(2.58)
cwnd  1 (2.59)
2.3.5 ?????????????????? [16, 17]
Long Fat Pipe Syndrome
???????????????????????????????????????
???????????????????????????????????????
?????????????TCP???????????ACK???????????
?????ATM?????????????????????????????????
???????????????????? TCP?????????????????
?????????????????????????????????????Long
Fat Pipe Syndrome????????
?? TCP???? [33]
?????????????????????????????? TCP Reno????
???????????????????????1500[Byte]?RTT?100[ms]?????
???10[Gbps]??????????????????????T???????????
T =
p
1:5
100  10 3pp  1500  8 =
p
1:5p
p
 1:2  105 (2.60)
???? TCP? 10[Gbps]????????????????????????????
p
1:5p
p
 1:2  105 = 1010 (2.61)
p  2  1010 (2.62)
????p??????????????????? 5? 109????????????
?????????????????????????? 1.67[h]??????????
??????????????????????????????
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??
帯
域
増
加
遅
延
増
加
：パケット
：確認応答
：ネットワーク
空き時間
?
?
? 2.12: Long Fat Pipe Syndrome
??
2.3.6 HighSpeed TCP [24,25]
HighSpeed TCP????????????????????????????TCP Reno
???????????????????? 1RTT?????????????????
????ACK?????????????????????????????????
????????????????????? HighSpeed TCP???????????
??????????
? 2.13?????HighSpeedTCP??????????????Wlow????????
TCP Reno???????????????????????????????????
??????????Wlow?????????ACK????????????TCP Reno
??????????????????????ACK???????????????
????TCP Reno???????????????????????
????????TCP?????????????????????????????
??????????????
HighSpeed TCP?????
???????????????????????????????????????
???????????????w????1RTT??????????????? a(w)?
??ACK?????????????????????????????? b(w)???
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??a(w)??? b(w)???????????
a(w) = w2highPhigh 
2b(w)
2   b(w) (2.63)
b(w) = 0:5 + (B   0:5) logw   logWlow
logWhigh   logWlow (2.64)
p(w) = exp
 log(w)   log(Wlow)
log(Whigh)   log(Wlow)? (log(Phigh)   log(Plow)) + log(Plow)

(2.65)
Plow =
1:5
Wlow2
(2.66)
Plow?TCP Reno?????????????????Wlow?????????????
?????? Phigh?Whigh?bhigh?Wlow?HighSpeed TCP??????????????
??????????HighSpeed TCP???????????????????? Phigh
?????????????Whigh????????????????????? a(w)?
?????? b(w)???????????????????????Whigh?????
?????ACK????????????????????????????????
(1   bhigh)?Whigh????
?????HighSpeed TCP? TCP Reno?????????????????????
?????????????????
HighSpeedTCP???????
? HighSpeedTCP?? 2.13?????????????????Plow??????TCP
Reno????????????????????????Phigh????????TCP Reno
?????????????? TCP??????????????
logw = tan (log p   log Plow) + logWlow) (2.67)
S = tan  =
logWhigh   logWlow
log Plow   log Phigh (2.68)
w = 10S (log p log Plow)+logWlow =
pS
PSlow
Wlow (2.69)
w =
p
1:5p
p
??; i f ? w  Wlow (2.70)
w =
PS
PSlow
Wlow??; i f ? w > Wlow (2.71)
????
?? AIMD?a(w); b(w); c(w)??????HighSpeedTCP????????? w???
??????Wlow[pkts]????????????Whigh???????????? a(w)
???????? b(w)?????????????
Whigh =
q
a(w)(2 b(w))
2b(w)p
Phigh
(2.72)
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??
logWhigh
logw
θ
(logWhigh,logPhigh)
(logw,logp)
HighSpeed TCP
logPhigh logp
Standard TCP
S
e
n
d
in
g
 r
a
te
 S
(i
n
 p
k
ts
/R
T
T
)
Loss Rate p
(logWlow,logPlow)
logWlow
logPlow
?
?
? 2.13: HighSpeed TCP? TCP
??
?????a(w)???? b(w)? w = Whigh???????????
a(w) = W2highPhigh 
2b(w)
2   b(w) (2.73)
a(w)? b(w)???????????Wlow??????????? p(Wlow = Plow)?Whigh
??????????? p(Whigh) = Phigh???????????????Wlow????
??????? p(w)???????????
log p(w) = log Plow   (logw   logWlow)= tan 
= log Plow   (logw   logWlow) log Plow   log PhighlogWhigh   logWlow
= log Plow + (log Phigh   log Plow) logw   logWlowlogWhigh   logWlow (2.74)
??????? b(w)? b(Wlow) = 0:5?b(Whigh) = B????w  Wlow??????b(w)?
??? p(w)???????????????
b(w) = 0:5 + (B   0:5) logw   logWlow
logWhigh   logWlow (2.75)
????AIMD??????????HighSpeedTCP????????????????
????
ACK : w  w + a(w)
w
? :??? (2.76)
Drop : w  w   b(w)w? :??? (2.77)
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????
a(w) = W2highPhigh  2b(w)=(2   b(w)) (2.78)
b(w) = 0:5 + (B   0:5) logw   logWlow
logWhigh   logWlow (2.79)
B?Phigh?Wlow?Whigh?????????????:B = 0:1?Phigh = 0:0000001?Wlow = 31
?Whigh = 83000[10Gbps]????
???????HighSpeed TCP????????????????????????
?????????????
2.3.7 HighSpeed TCP????
TCP Reno????? [16, 35]
HighSpeedTCP? TCP Reno??????????????????????????
? wreno?whighspeed??????
wreno =
p
1:5p
p
(2.80)
whighspeed =
pS
PSlow
Wlow (2.81)
????????HighSpeedTCP??????????:10[Gbps]????????:1500[Byte]?
RTT:100[ms]???????????? 31[pkts]?????? Plow???? S ?????
Plow =
0BBBB@ p1:5Wlow
1CCCCA2 = 0BBBB@ p1:531
1CCCCA2  0:0015 (2.82)
S =
logWhigh   logWlow
log Plow   log Phigh =
log 83000   log 31
log 0:0015   log 0:0000001 (2.83)
Plow? S ???2.81??????whighspeed? wreno?????????????
Whighspeed
Wreno
=
0:15
p0:82
=
0:18
p0:5
=
0:11
p0:32
(2.84)
????HighSpeed TCP?????? 2.14???????? 2.14??????????
????????HighSpeed TCP? TCP Reno????????????????
???????????????HighSpeed TCP????????????????
???HighSpeed TCP??????????????????????????????
???????????????
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



? 2.14: HighSpeedTCP????
?????????? [16, 17]
???10[Gbps]????????1500[byte]??????2.50????2.51????2.52??
?????????????????83333[pkts]??????????????HighSpeed
TCP?Whigh?????83000?????????HighSpeed TCP???2.77????2.77??
??2.79????2.79?????????TCP Reno??????????????
????Whigh???????? 10[Gbps]???????? 1500[byte]????????
????????????????????????????2.52???????????
???????????????????????2.53???????????????
?????????????????????? 4????????????
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?3?
????
3.1 ????????????????? [36, 37]
???????????????The Collaborative Learning Automaton Team?LACTEAM
??????RE?????? N??????????????????
LACTEAM = fS A;REg (3.1)
S A =
n
S A1; S A2; :::; S AN
o
(3.2)
????????????????????????????????????????
????????????????????????????????????????
?????????????????
1

N

i
 ii Yty ∈)(
RRtr ii ⊆∈)(
RR(t)r ii ⊆∈ ++ 11
11 )( Yty ∈
NN Yty ∈)(
R
a
ndom
 E
n
viro
n
m
ents
 
SA1
SAN
SAi-1
SAi+1
SAi
RR(t)r i-i- ⊆∈ 11
RRtr ⊆∈ 11 )(
RRtr NN ⊆∈)(
11 i-i- Y(t)y ∈
11 ++ ∈ ii Y(t)y
? 3.1: ??????????????????????
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? 3.1????????????????????????????????????
??? S Ai?????RE????????? ri(t)?????????????????
??? S Ai 1; S Ai+1???????????????????????????????
???? [13]????????????????????????????? S Ai??
????????????????????????????????????????
????????????????????????????
3.1.1 ??????????????????????
????????????????????? i????? S Ai?????????
???
S Ai =
n
Ri;Y i;i; pi; oi;T i; i
o
; i = 1; 2; : : : ;N (3.3)
????
?? Ri ? S Ai?????????
?? Y i ? S Ai?????
??i? S Ai?????
?? pi? S Ai?????????
?? oi? S Ai?????
?? T i? S Ai????
?? i? S Ai??????????????
?????????????????
1. ????
ri(t) 2 Ri??? t??????????S Ai??????????????????
????????? R???????????????? Ri??????????
?????????
R 
N[
i=1
Ri (3.4)
2. ???????
S Ai????? Y i????????????
Y i  fY iI ;Y iEg =
n
yi1; y
i
2; :::; y
i
si
o
(3.5)
????Y iI ? S Ai??????????????????????Y iE ? S Ai???
SA?S A j 2 i and S A j 2 S A?????????????????????S Ai??
??????????? yij 2 Y i????? oi????????????????
? oi??????? pij??? yij 2 Y i????????????
3. ???????
S Ai ?????i??????????????????????
i 
n
iI;
i
E
o
=
n
i1; 
i
2; :::; 
i
si
o
(3.6)
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????iI? S Ai??????????????????????iE? S Ai??
????????? S A 2 i????????????????????????
?????
4. ???????????
???????? pi?????i?????????????????????
???
pi 
n
PiI ; P
i
E
o
=

pi1; p
i
2; : : : ; p
i
si
T
(3.7)
????PiI ? S Ai???????????????PiE ? S Ai?????????
?? 2 i??????????????????pij 2 pi??? ij 2 i?????
?? yij 2 Y i????? oi??????????????????????????
???????? pi???? T i??????????pi?????simplex???
????????????????????
5. ???????
???? oi?????i?????? Y i????????oi : i ! Y i?????
?????????????????????????????????????
????????????????????? yij????????? pi?????
????????
6. ???
S Ai???? T i????????????????????
pi(t + 1) = T i

yi(t); ri(t); pi(t)

(3.8)
??? S Ai????????????????????????????????
?????????????????????? 2???????????? S Ai
???????????????????????????????Homogeneous
Model???????? S Ai????????????????????????
????????????Non-Homogeneous Model?????
7. S Ai????? [36]
S Ai????? i? S Ai??????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????
3.1.2 ???? [12–15]
???? RE????????????
RE = fY;R;Cg (3.9)
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????????????????????
Y? RE??????y(t) 2 Y??? t??????????
?????????Y????????????
Y  Y1 
 Y2 
 : : : 
 YN (3.10)
????
?????????????
??????????Y????????????
Y  Y1 [ Y2 [ : : : [ YN (3.11)
????[??????????????
R?????????r(t) 2 R??? t????????????
C? R???????????????????????
C =
n
c11; : : : ; c
1
s1 ; : : : ; c
N
1 ; : : : ; c
N
sN
o
(3.12)
?????????????????? r????????? 3??????????
 P-model
r 2 f0; 1g? 2???????r = 1?????????r = 0???????????
 Q-model
r 2
n
r j j j = 1; 2; :::; q; r j 2 [0; 1]
o
???????????
 S-model
r 2 [0; 1]????????
cij 2 C??S Ai????? yij?????????????r = 1????????????
????????????????????????????????????????
??????????????????????????????????
 ??????Synchronized model?
r1(t) = r2(t) = : : : = rN(t) = r(t) (3.13)
?????????????????????????????????????
 ???????Non-Synchronized model?
9i , j : ri(t) , r j(t); i; j 2 f1; 2; : : : ;Ng (3.14)
?????????????????????????????????????
???????
3.1.3 ??????
???????????????????????????????????????
??????????S A j 2 i? S Ai??????? h ji????????????
h ji = (y jj(t); p
j
j(t))?j = 1; 2; : : : ; jij (3.15)
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????y jj(t)? S A j????????? t???????????????p jj(t)????
?????????????????????????????????hii = 0????
?????????S Ai?????????????????????????????
???? Y i??????? pi ????????????
Y i=
n
Y iI ;Y
i
E= f0; : : : ; 0g
o
(3.16)
pi=

PiI ; P
i
E= (0; : : : ; 0)

(3.17)
S Ai?????????????? S A 2 i????????????????y jj(t)??
????? Y iE??????????????????????????????? pi?
??? pij????????????
pij  pij
.X
p2PiI
p +
X
p02PiE
p0

; j = 1; : : : ; si (3.18)
?????????????????????????
3.1.4 ?????????????????? [12–15,26]
??????????????????????????????????????
???????????????????????????????????????
? TR???????????????? R-I????????? R-P????????
??????R-I????????? R-P??????????????? TR????
????????R-I?????????? TR??????????????????
?????????????????R-P?????????????????????
????????????????????????????????????????
????????????????????????? TR???????
??? TR
?? t??S Ai????????? pi(t)?????? yik 2 Y i???????????
?????????????? ri(t) = 0????????????????? yik????
? pik(t)????? yij( j , k; j = 1; : : : ; si)????? pij(t)??????? TR??????
pij(t + 1) = p
i
j(t)   (t)ij;k(t); j , k (3.19)
pik(t + 1) = p
i
k(t) + (t)
X
j,k
ij;k(t) (3.20)
??????????? ri(t) = 0???????? yik ????? pik(t)???????
(3.20)??yik????? yij( j , k)????? pij(t)???????? (3.19)??????
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ij;k(t) = 
 
d¯ij(t)
    d¯ik(t) (3.21)
d¯ij(t) =
1
l
lX
m=1
dij(t   m) (3.22)
d¯ik(t) = min
j=1;2;:::;si
d¯ij(t) (3.23)
????????(t)?????()??? [0,1]?????????????????
Dij(t) = (d
i
j(t   l); : : : ; dij(t   1))??? t   l?? t   1????S Ai???????????
yij(t   l); : : : ; yij(t   1)??????????????????????????????
??d¯ij(t)??????????????????????????? ri(t) = 1?????
???? (3.22)?????? d¯ij(t)??? yij??????? t   l?? t   1??????
????????? (3.23)?????? d¯ik(t)???????????????????
???
??? TR????????? t???? yij????????? pij(t)????????
???????????????????????????????????????
f0; 1g?????????????????????????????????????
???????????????????????????????????????
S-model????????
??? TR???? [12, 13]
??? TR???????????????????????????????????
S Ai????TR??????????????????????????????M(t)
??????
M(t) =
siX
j=1
E
h
dij(t)
i
pij(t) (3.24)
????????? E[]????????
S Ai????????????? M(t)?????????? pi(t)?????????
??TR ???? pi(t)?????????????????????????????
???
pimin  pij(t)  pimax; j 2 f1; 2; : : : ; sig (3.25)
0  pimin  pimax  1 (3.26)
pimax = 1   (si   1)pimin (3.27)
????????yij??????????pij? pimax??????M(t)???????
?????????????? TR????????????? ??????????
?? ??????????? t > ?????
Pr

sup
t0>t
pij(t0)   pimax >  <  (3.28)
?????????????????
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?? 3.1
????? (t)?????
(t) > 0;
1X
t=1
(t) = 1;
1X
t=1
2(t) < 1 (3.29)
????
???yij??????????
8 j , j; Edij(t) < Edij(t) (3.30)
???????? TR?????
TR(pij(t)) = p
i
max (3.31)
??????
????pij(t)??? t???????? yij?????????TR(pij(t))????TR?
?? pij(t)??????????? 3.1????? TR??????? yij????? pij(t)
????? TR(pij(t))???? pimax?????????????????? 3.1? S Ai?
???????????????????? [13]?????????????????
??????
??????????????????????????? TR??????????
?????? TR?????? R-I?????????? R-P????????????
????????????R-P??????????????????????????
???????????????????????????????????????
????????????????????R-I??????????????????
??????????????????????????????????? R-P??
???? [4, 13]???????? t?????S Ai??? yik????????????
??? ri(t)???????????????? yik????? pik(t)???? yik?????
yij( j , k; j = 1; : : : ; s
i)????? pij(t)????? R-P????????????
(i) ri(t) = 0?????????
pik(t + 1)
= (1   )pik(t) +  = pik(t) + (1   pik(t)) = pik(t) + 
X
j,k
pij(t) (3.32)
pij(t + 1)
= (1   )pij(t) = pij(t)   pij(t) (3.33)
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(ii) ri(t) = 1??????????
pik(t + 1)
= (1   )pik(t) = pik(t) + ( )pik(t) = pik(t) + ( )

1  
X
j,k
pij(t)

(3.34)
pij(t + 1)
= (1   )pij(t) +

si   1
= pij(t)   pij(t) +

si   1
= pij(t)   ( )
 1
si   1   p
i
j(t)

(3.35)
R-P?????????????????????????TR?????ij;k(t) = pi(t); (t) =
????????????????????????  = 0:01? = 0:001?????
??????????????????? 1???????????R-P???????
??? ; ????? TR???? (t)?????????????? ? (t)?????
??????????  ? (t)??????
3.2 ????????????????????????
+1
? 3.2: ???????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
???????????????????????????????????????
???????????????? 3.2??????????????????????
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Y Y’y1 y2 yn… …
… …
? 3.3: Parallel searching of ybest with LACTEAM
???????ybest 2 [Y;Y 0]?????????????? 3.3???????????
???n????????[Y; y1]; [y1; y2] : : : ; [yn 1; yn]; [yn;Y 0]?????????????
????????????????????????????????????????
?????????????????????
???????? S Ai????????? [yi 1; yi]?? yibest????????????
?????????? S Ai 1; S Ai+1???????????????? [Y;Y 0]?????
????????????????????????? T ic?????????????
???????????????????????????????? T id??????
????????????????????????????????????????
??????????????????
?? t????????????? S Ai????????????
1. ????????? T ic??????????????????????????
????????? (ybest ????) ????????????????? T ic ?
?? CARLA?Continuous action reinforcement learning automata?[38]??????
CARLA??????3.2.1?????????????????????????
?????????????????????????????? [38]??????
2. ?????????????????????????????????????
???S Ai????????????????????????????????
????????? T id?????????????????? T id????R-P?
?? [1–4]??????
3. ?????????? r(t)?????????? T ic; T id????????????
?????
3.2.1 ?????????????????????????????
1. ????
?? t????????? ri(t) 2 Ri??S Ai?????????????????
????
2. ???????
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S Ai??????? (3.36)-(3.38)?????????
Y i  fY iI ;Y iEg (3.36)
Y iI = [y
i
min; y
i
max] = [y
i 1
max; y
i+1
min] = [Wi 1;Wi+1] (3.37)
Y iE = fyi 1 ; yiI ; yi+1 g (3.38)
????Y iI?S Ai??????????????????Whigh??????????
????????????Y iE?S Ai???S A 2 i??????i = fS Ai 1; S Ai+1g?
?????????????????????yi 1 ; yi+1 ?????????S Ai 1; S Ai+1
????????yiI??????? T ic????????????????????
?????????
S Ai??? yi(t) 2 Y i???????T id?????????????????????
3. ???????
S Ai?????i? S Ai????????????????iI????????
??? 2 i???????????????iE????????????i??
(3.39)?????????
i  fiI ;iEg = fi1; i2; : : : ; isig (3.39)
????????iE????????????? 2 i??????????
4. ???????????
??????????????????????????? (3.40)??????
???
pi  fpic; pidg (3.40)
????pic??????? T ic????????????????????????
?????????????? f iI (y; t)??????????pid???????T id?
??????????????? yiI????????????????? fyi 1 ; yi+1 g
?????????????
5. ???????
???????????????????????oi : i ! Y i?????????
?????????????????????????????????????
???????????????????????? pi?????????????
6. ???
S Ai???? T i?? (3.41)-(3.43)?????????
T i = fT ic;T idg (3.41)
pic(t + 1) = T
i
c(y
i
I(t); r
i(t); pic(t)) (3.42)
pid(t + 1) = T
i
d(y
i
I(t); r
i(t); pid(t)) (3.43)
?????? T id??????????????? (3.44)-(3.45)????
pij(t + 1) = p
i
j(t)   (t)ij;s(t); j , k (3.44)
pis(t + 1) = p
i
s(t) + (t)
X
j,s
ij;s(t) (3.45)
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?????? T ic???pic(t + 1)??????????? f iI (y; t + 1)?? (3.46)??
?????? [38]?
f (y; t + 1) =
8>><>>: (t)[ f (y; t) +G(t)H(y; r)] (y 2 (ymin; ymax))0 (otherwise) (3.46)
????G(t)??????????????????????(t)?? (3.47)??
?????????????????????
(t) =
 Z ymax
ymin
[ f (y; t) +G(t)H(y; r)]dy
! 1
(3.47)
???H(y; r)???????????Symmetric Gaussian Neighborhood Function?
??? (3.48)?????????
H(y; r) =  exp (  (y   r)
2
2
) (3.48)
?????????????????????????????? (3.49),(3.50)
?????????
 =
gh
ymax   ymin (3.49)
 = gw(ymax   ymin) (3.50)
????gh? gw??????????????????????
3.2.2 ?????????????
???????????????????????????????????????
??3.1????????????????????????????????????
?????????????
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?4?
??
4.1 ????????????????
????????????????????????????????????????
???????????????????????????????????? 4.1??
????????????????????????????????????????
?? 8???????????????????? S???? T????S?? T???
??????????????????????????????????? 1????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????
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4.1.1 ????????????
90 91 92 93 94 95 96 97 98 99
S
T
50
50
00 01 02 03 04 05 06 07 08 09
10 11 12 13 14 15 16 17 18 19
20 21 22 23 24 25 26 27 28 29
30 31 32 33 34 35 36 37 38 39
40 41 42 43 44 45 46 47 48 49
50 51 52 53 54 55 56 57 58 59
60 61 62 63 64 65 66 67 68 69
70 71 72 73 74 75 76 77 78 79
80 81 82 83 84 85 86 87 88 89
? 4.1: ??????????????????[16, 36]
4.1.2 ????????????????????
S Ai??????? Y iI ??????????????????????? ri(t)???
???? S A j 2 i??????? T ???????? Di( j;T )????????????
??????? S Ai? S A j?????????? h ji????????????
? h ji=D j( j;T ); j=1; : : : ; jij; S A j 2 i? (4.1)
????D j( j;T )???? S Ai????????? S A j????????? S A j???? T
????????????
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??? S Ai??? h ji??????????????? S A j??????? T ????
???? Di( j;T )?????????????
? Di( j;T )=Di(i; j)+D j( j;T ); j=1; : : : ; jij; S A j 2 i? (4.2)
????Di(i; j)???? S Ai?????? S A j 2 i???????
4.1.3 ??????????????????
????
??????????? Dii; j? 50?????? Dii; j? 50
p
2????
????
???node0??????node99?????????
(S =0; 11; 22; 33; 44; 55; 66; 77; 88; 99=T )
????
? 4.2????node0???????????????????????????
0.00
0.20
0.40
0.60
0.80
1.00
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
node0->node1
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? 4.2: ???node0????????
? 4.3?????node22???????????????????????????
??????????node0???????0,11??????node22???????22,33?
????????????????????? 1??????????????????
????????????????????????????????????????
???????????????????????????????????
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? 4.4: ?????????
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? 4.5: ??????????????????
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? 4.4????????????????????????????5,000?????
?????????????????????? 4.4????????????????
????????????????????????????????????????
??? 4.5???????
4.1.4 ?? 2???????????????
????
?????? 2,500????????????????????????????? 44
???? 55???????????
????
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? 4.6: ???????????node44????????
? 4.6?????????2,500??????????? 44????????????
??44,55????????????? 1??????????????????????
????????????????????????????????T???????
44???????????????44,45??????44,54??????????????
???????????????????? 0.5???????????????? 4.7?
? 4.8?????????????????????????????????????
???????44,55??????????????????????????????
???????????????????????????????????
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4.2 ????????????
4.2.1 ????????????
n1 n1
FIFO/RED
bandwidth ：100Mbps～
Regular TCP
With 25 sessions
Regular TCP
With 25 sessions
HighSpeed TCP
With 25 sessions
HighSpeed TCP
With 25 sessions
Small TCP flows
Small TCP flows
WEB flows(sender)WEB flows(sender)
WEB flows(reciever)
WEB flows(reciever)
sf_(0)
sf_(1)
sf_(9)
node_(s0)
node_(s24)
sb_(0)
sb_(1)
sb_(9)
rf_(0)
rf_(1)
rf_(9)
rb_(0)
rb_(1)
rb_(9)
node_(k0)
node_(k24)
UDP flows UDP flows
? 4.9: ????????????
? 4.9????????????????????n1?n2?????????????
???????????????? 100Mbps???????????????????
FIFO?????RED????????n1?n2????HSTCP?????????TCP
??????????????? 50???????????????????????
?????????????n1?n2 ???????????Small TCP????? TCP
Reno?????????? 25??WEB??????? 10???????????n1?
n2???UDP?????????????????HighSpeed TCP?????????
???????????????????Network Simulator NS2 [39–41]???????
??????
4.2.2 ????????????????????????????
???????
Whigh ????? [W1;W2] ?????????W1 = 8; 300???? 1Gbps ????
Whigh??????W2 = 830; 000???? 100Gbps????Whigh??????????
??[W1;W2]? 8????????????????????????????????
??????[w0; w1]; : : : ; [wn 1; wn]??? 3.3? y1; y2 ???????????? t???
?????????? S Ai???????? T ic??????????????????
wi(t) 2 [wi 1; wi]??????????????S Ai 1; S Ai+1?????????????
?? wi 1(t) 2 [wi 2; wi 1]; wi+1(t) 2 [wi+1; wi+2](y i   1; yi+1 ???)???????????
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???? T id??????3???????????S Ai??? yi(t)?????????
???????????S Ai??????????????? [wi 1; wi]? 2??????
Y iE = fwi 1(t); wi+1(t)g????????
???????????
?????? T id???????????? pid??????????????????
??????? [pi 1; pi+1]????????????????????????????
?????????????????????????
???????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????S-model???????????????????????? r(t)
???????????? t??????????????????w(t)???????
?????? e(t)????
f1(t) =
8>>>>>><>>>>>>:
1;w(t) > w(t   1)
0;w(t) = w(t   1)
 1;w(t) < w(t   1)
f2(t) =
8>>>>>>>>>><>>>>>>>>>>:
1;e(t) > e(t   1)
1; (e(t) = e(t   1)) & (e(t) = 0)
0; (e(t) = e(t   1)) & (e(t) , 0)
 1;e(t) < e(t   1)
r(t) = [1 + exp (1 f1(t) + 2 f2(t))] 1 (4.3)
1; 2 2 [0; 1]; 1 + 2 = 1
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???
?????? T id???R-P???? [1]? [4]??????????????????
?? (4.5),(4.6)????
r(t) = 0
pi(t + 1) = (1   )pi(t) + 
p j(t + 1) = (1   )p j(t) (4.4)
j , i; j = 1; 2; : : : ; s
r(t) = 1
pi(t + 1) = (1   )pi(t)
p j(t + 1) = (1   )p j(t) + s   1 (4.5)
j , i; j = 1; 2; : : : ; s
????????? T ic??????????????????????? (3.46)???
??????????????G(t)??? (4.4)? r(t)????
????????? T ic??????ymin = W1; ymax = W2?gw = 0:02, gh = 0:3????
?????? T id?????? = 0:01? = 0:001????
4.2.3 ?? 3?TCP Reno??????????
???????????? 4.9?????TCP Reno???????????????
???????
????
???????????TCP Reno????????????????????????
????????
 TCP Reno???????:??? 1?
 HighSpeed TCP????????0?
 ?????????????? 1Gbps
 ??????????????? 50ms
 ??????????????? 500s
????
TCP Reno?????????????????????? 4.10????
?????????? 1Gbps???????????? 7?????????????
????????????????????????????????????????
???????????????
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?? ?
?
? 4.10: TCP Reno?????????
??
4.2.4 ?? 4?TCP Reno????????????????
???????????? 4.9?????TCP Reno???????????????
???????????
????
????????????????????
 TCP Reno???????:??? 10?
 HighSpeed TCP????????0?
 ?????????????? 200Mbps?500Mbps?700Mbps?1Gbps?5Gbps?7Gbps?
10Gbps
 ??????????????? 50ms
 ??????????????? 200s
????
TCP Reno????????????? 4.11????
?
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?? ?
?
? 4.11: TCP Reno??????
??
??????????? 1Gbps?????????????????????????
????? 4.12????????????????????????????????
????????????????????????????????????????
?????????????????
?
4.2.5 ?? 5?HighSpeed TCP????????
???????????? 4.9?????HighSpeed TCP?????????????
???????
????
????????HighSpeed TCP???????????????????????
????????
 TCP Reno???????:??? 0?
 HighSpeed TCP????????1?
 ?????????????? 1Gbps
 ??????????????? 50ms
 ??????????????? 500s
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?? ?
?
? 4.12: TCP Reno????????
??
????
HighSpeed TCP??????????????????? 4.13????
???????????????????????????????????TCP Reno
?????????????????????????
4.2.6 ?? 6?HighSpeed TCP?TCP Reno??????
???????????? 4.9?????HighSpeed TCP? TCP Reno???????
??????????????
????
????????????????????
 TCP Reno???????:??? 10?
 HighSpeed TCP????????10?
 ?????????????? 100Mbps?500Mbps?1Gbps?2Gbps?5Gbps?10Gbps
 ??????????????? 50ms
 ??????????????? 200s
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? 4.13: HighSpeed TCP?????????
? 4.14: ?????????HighSpeed TCP? TCP Reno????
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????
HighSpeed TCP? TCP Reno???????????????????? 4.15????
? 4.15: ???????HighSpeed TCP? TCP Reno????
??????????? 1Gbps??????HighSpeed TCP?TCP Reno??????
?????????????????TCP Reno??????????????????
????????????????????????????????????
4.2.7 ?? 7?HighSpeed TCP????
????????????? 4.9????????????HighSpeed TCP?????
????????????
????
????????????????????
 TCP Reno???????:??? 0?
 HighSpeed TCP????????10?
 ?????????????? 1Gbps?2Gbps?5Gbps?7Gbps?10Gbps?20Gbps?
50Gbps?70Gbps?100Gbps
 ??????????????? 50ms
 ??????????????? 200s
????
?????????HighSpeed TCP?????? 4.16??????
??????????? 10Gbps????????????????????????
????????????HighSpeed TCP????????????????????
?????????????????
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?? ?
?
? 4.16: HighSpeed TCP???????
??
4.2.8 ?? 8?????????HighSpeed TCP????????
???????????? 4.9???????? 1Gbps????????????High-
Speed TCP????????????????????
????
????????????????????
 TCP Reno???????:??? 0?
 HighSpeed TCP????????0?
 ?????HighSpeed TCP????????1?
 ?????????????? 1Gbps
 ??????????????? 50ms
 ??????????????? 100s
????
??? 1Gbps????????????HighSpeed TCP?????????? 4.17?
???
4.2.9 ?? 9?????????HighSpeed TCP????????
???????????? 4.9????????? 50Gbps????????????
HighSpeed TCP????????????????????
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? 4.17: ????????HighSpeed TCP?????????1Gbps?
????
????????????????????
 TCP Reno???????:??? 0?
 HighSpeed TCP????????0?
 ?????HighSpeed TCP????????1?
 ?????????????? 50Gbps
 ??????????????? 50ms
 ??????????????? 100s
????
??? 1Gbps????????????HighSpeed TCP?????????? 4.18?
???? 4.17?? 4.18????????? 1Gbps?, 50Gbps????????????
????? 4.17??????????HighSpeed TCP????????????? 4.18?
???????? 50Gbps???????????????????? HighSpeed TCP
???????????????????????????????????????
HighSpeed TCP??????????????????????????????Whigh
??????????????10Gbps??????????Whigh = 83; 000??????
??????
4.2.10 ?? 10?????????HighSpeed TCP????
???????????? 4.9????????????????????HighSpeed
TCP????????????????
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 TCP Reno???????:??? 0?
 HighSpeed TCP????????0?
 ?????HighSpeed TCP????????1?
 ?????????????? 1Gbps?2Gbps?5Gbps?7Gbps?10Gbps?20Gbps?
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 ??????????????? 50ms
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????
???????????????HighSpeed TCP?????? 4.19??????
? 4.19???????????????????????????????HighSpeed
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?????????? [16, 36]??????????????????????????
????????????????????????????????????????
???? [42]??????????????????????????????????
?????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
?? TR??????????LACTEAM???????????????????????
????????? [12, 13]???????????????U(x1; x2; : : : ; xN)?????
LACTEAM???????
(x1; x
2
; : : : ; x
N
 ); x
j
 2 Y j; j = 1; : : : ;N
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N
 ) =
?Optimum??? fU(x1; x2; : : : ; xN)g
8x12Y1;:::;8xN2YN
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??A
??
?????????SA?????????? i???????? 3.1????????
????.A.1???????????? ??????? [pmin; pmax]????????
? A.1: Roof of Convergence Proof
1

= [pmin; p max] (A.1)
2

= [p max; pmax] (A.2)
??????????pmax   p max = ????
?? 2???????? d(p j(t))????????????
d(p j(t))

=
8>><>>: 0;? p j(t) 2 2p max   p j(t);? p j(t) 2 1 (A.3)
???p j(t)??? 1; 2???????????
p1(t)

= Pr[p j(t) 2 1] (A.4)
p2(t)

= Pr[p j(t) 2 2] (A.5)
????
8;  > 0;9N : 8t > N;
Pr[d(p j(t)) > 0] <  ) Pr[pmax   p j(t) > ] <  (A.6)
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???????? 1??????????E[jd(p j(t))j]! 0?????????????
??
p j(t)??? 2?????????t ! 1?????E[p j(t)]????????????
????????????? 1?????????????????????????
??? 1?
TR??????? 1????????
9M : 8t > M; E[ j; j(t)jp j(t) 2 1] > 0 (A.7)
??????
??? 2?
TR??????? 1????????
1X
t=1
p1(t)(t)

E[d(p j(t)) j; j(t)jp j(t) 2 1]

(A.8)
?????????????
??????????????????????????????
?? 1????
di(t) 2 [0; 1]???j j; j(t)j?????????????????1????? limt!1 (t) = 0
??????(t)maxi j j; j(t)j???????
??? TR?????k(t)??? t?????????????????????????
p(k(t) = j) = Pr[d j(t)  d j(t);8 j , j] (A.9)
????
E[ j; j(t)jp j(t) 2 1]
=
X
j, j
E[(d j(t))   (d j(t))jk(t) = j; p j(t) 2 1]p(k(t) = j)
+
X
j, j
E[(d j(t))   (d j(t))jk(t) = j; p j(t) 2 1]p(k(t) = j)
=
X
j, j
E[(d j(t))   (d j(t))jk(t) = j; p j(t) 2 1]p(k(t) = j)
 
X
j, j
E[(d j(t))   (d j(t))jk(t) = j; p j(t) 2 1]p(k(t) = j) (A.10)
???()?????????? [0,1]???????????E[d j(t)] < E[d j(t)]???
???
E[(d j(t))   (d j(t))jk(t) = j]p(k(t) = j)
? + E[(d j(t))   (d j(t))jk(t) = j]p(k(t) = j) > 0 (A.11)
????????????????
E[ j; j(t)jp j(t) 2 1] > 0 (A.12)
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??????
?? 2????
E[d2(p j(t + 1))] = E[d2(p j(t + 1))jp j(t) 2 2]p2(t) + E[d2(p j(t + 1))jp j(t) 2 1]p1(t)
= E[d2(p j(t + 1))jp j(t) 2 2]p2(t)
? + E[(p max   p j(t)   (t) j; j(t))2jp j(t) 2 1]p1(t) + E[d2(p j(t + 1) 2 2)jp j(t) 2 1]p1(t)
= E[d2(p j(t + 1)jp j(t) 2 2]p2(t) + E[p max   p j(t))2jp j(t) 2 1]p1(t)
? + E[d2(p j(t))jp j(t) 2 2]p2(t)   2(t)E[p max   p j(t) j; j(t)jp j(t) 2 1]p1(t)
? + 2(t)E[ j; j(t)jp j(t) 2 1]p1(t) + E[d2(p j(t + 1) 2 2)jp j(t) 2 1]p1(t)
= E[d2(p j(t + 1)jp j(t) 2 2]p2(t) + E[d2(p j(t))] + p1(t)f2(t)E[( j; j(t))2jp j(t) 2 1]
?   2(t)E[(p max   p j(t)) j; j(t)jp j(t) 2 1] + E[d2(p j(t + 1) 2 2)jp j(t) 2 1]g (A.13)
??????????? T ????????????????????
TX
t=1
E[d2(p j(t + 1))] =
TX
t=1
E[d2(p j(t + 1))jp j(t) 2 2]p2(t)
? +
TX
t=1
E[d2(p j(t))] +
TX
t=1
p1(t)f2(t)E[( j; j(t))2jp j 2 1]
?   2(t)E[(p max   p j(t)) j; j(t)jp j(t) 2 1] + E[d2(p j(t + 1) 2 2)jp j(t) 2 1]g
=
TX
t=1
E[d2(p j(t))] +
TX
t=1
fa(t) + b(t)   c(t) + e(t)g (A.14)
????
a(t) = E[d2(p j(t + 1))jp j(t) 2 2]p2(t) (A.15)
b(t) = p1(t)
2(t)E[( j; j(t))2jp j(t) 2 1]p1(t) (A.16)
c(t) = 2(t)E[(p max   p j(t)) j; j(t))jp j(t) 2 1]p1(t) (A.17)
e(t) = E[d2(p j(t + 1) 2 2)jp j(t) 2 1]p1(t) (A.18)
????? (A.14)???????????????
E[d2(p j(T + 1))]
= E[d2(p j(1))] +
TX
t=1
fa(t) + b(t)   c(t) + e(t)g (A.19)
d()??????
E[d2(p j(t))]  0 (A.20)
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??????????
1X
t=1
c(t) =
1X
t=1

E[d2(p j(t))]   E[d2(p j(t + 1))]

+
1X
t=1

a(t) + b(t) + e(t)

 E[d2(p j(1))] +
1X
t=1

a(t) + b(t) + e(t)

(A.21)
??? TR?????? p(t + 1)   p(t)? (t)max( j; j(t))????????????
ja(t)j  2(t)

max( j; j(t))
2
p2(t) (A.22)
jb(t)j  22(t)

max( j; j(t))
2
p1(t) (A.23)
je(t)j  22(t)

max( j; j(t))
2
p1(t) (A.24)
??????
????P1i=1 c(t)???????????? 1?????? M?????
8t > M; E[d2(p j(t)) j; j(t)jp j(t) 2 1]  0 (A.25)
??????P1i=1 c(t)???????????????
?? 1????
(t) = (t)E[d2(p j(t))   j; j(t)jp j(t) 2 1] (A.26)
????
??2????P1i=1 p1(t)(t)??????????????????d2(p j(t))  0;P1i=1 (t)!
0; (t)  0???????? 1??????????p1(t)????????????
????8  0?????[pmin; p max]?  j( j = 1; 2; 3)??????
1

= [pmin; p max   ) (A.27)
2

= [p max   ; p max) (A.28)
3

= [p max; pmax] (A.29)
8; p j(t)  p max   ????????????? = 0????limt!1(pmax   p j(t)) ! 0
????????
8; ;9M : 8t > M; Pr(p max   p j(t) > ) <  (A.30)
??????
 , 0?????? 1???E[ j; j(t)jp j(t) 2 1] > 0??????
lim
t!1
TX
t=1
E[ j; j(t)jp j(t) 2 1]! 1 (A.31)
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??????
?????? 2????
P1
i=1 E[ j; j(t)jp j 2 1]  0???????????????
p j(t)
p ! pmax (A.32)
????
???p j(t) 2 p(t)???????????
p(t) = (p1(t);    ; p j(t);    ; ps(t));
0  p j  1; j = 1;    ; s (A.33)
sX
j=1
p j(t) = 1 (A.34)
???????? p(t)???????
1X
t=1

p j(t)   pmax
2  1X
t=1
(t) j; j(t)2  1 (A.35)
??????????Kolmogorov???????? [?] [?]?
TR(p j(t)) = pmax (A.36)
??????? 1???????
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